Fundamental period elongation of a RC building during the Pollino seismic swarm sequence  by Gallipoli, Maria Rosaria et al.
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a  b  s  t  r  a  c  t
A primary  school  in Rotonda  was  monitored  during  an on-going  seismic  sequence  in the
Pollino  area,  Southern  Italy.  The  Reinforced  Concrete  (RC)  building  is  a typical  three  story
building  with  a concrete  frame,  bearing  pre-cast  slab  ﬂooring,  concrete  block  internal  walls
and  pre-cast  external  inﬁll  slabs.  The  monitoring  began  in  September  2011  with  a  single
station on  top  of  the  building,  and  after  the ML = 5 mainshock  occurred  in October  2012  a
network  was  completed  with  accelerometers  on  each  ﬂoor and  real-time  streaming  data
was transmitted  to the  Istituto  Nazionale  di  Oceanograﬁa  e Geoﬁsica  Sperimentale  (Udine-
Northern  Italy).  The  school  suffered  no  visible  damage  during  the  sequence.  The  real-time
monitoring  of  the  Rotonda  school  proved  to be  important  for two  reasons:  (1)  the  large  range
of  magnitudes  and  recorded  peak  accelerations  allowed  the  study  of  the  non-stationary
frequency  response;  (2)  the  results  also  show  how  a simple,  real-time  monitoring  system
using  cost-effective  accelerometers  could  be used  as  a  tool  to  provide  information  on the
damage  state  and  usability  of the school.
©  2016  The  Authors.  Published  by Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. Introduction
Monitoring is an important tool for identiﬁcation of the dynamic characteristics of a building and the estimation of
heir possible changes over time as a result of structural degradation due to earthquakes, aging and/or long-term, intense,
perational demands. This approach is more important when considering the increasing number of aging structures and
nfrastructures, especially exposed to seismic prone activity for seismic risk. In the last two  decades several innovative tech-
iques have been proposed to identify the dynamic characteristics of real engineering structures [1–15]. Fast monitoring
rocedures are gaining ground; they obtain useful information about the extent of damage in a large number of strategic
uildings during and after seismic events by using the records from a limited number of sensors located in the structure.
ccording to Non-destructive Damage Evaluation (NDE) methods, the monitoring of the Rotonda building is a I level appli-
ation, i.e. a method that only assesses if some damage has occurred. This monitoring gave us the opportunity to study the
ynamic behaviour and the variation of the fundamental period due to different levels of motion of earthquakes before any
amage; this building was not damaged, not even by the main shock (ML = 5). Many recent experimental studies ([16,17] and
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reference therein) have demonstrated the ability of ambient vibration surveys to estimate the main frequencies of building
vibration in the elastic domain. Then, the important issue is to know how the fundamental frequency drop observed during
weak to strong earthquake could be considered as a proxy of the damage. Observations about the fundamental frequency
variation due to damage can be traced back both to Clinton et al. [18], for the Millikan Library buildings which has experi-
enced several earthquakes, and to Dunand et al. [19] who studied some buildings during the 2003 Boumerdès earthquake.
From weak to strong motion, Hans et al. [20] and Michel et al. [21,22] have reported the variation of the fundamental fre-
quency of buildings related to the opening of cracks in the elastic domain. Such nonlinearities may  produce a recoverable
frequency decrease of about 35% during excitation. On the other hand, it seems that a 60% permanent drop in frequency is
a limit before the collapse according to data compiled by Calvi et al. [23].
During the most recent Italian earthquakes particular attention was  paid to study and assess the permanent and/or
transient frequency drop in more detail in R.C. buildings. For example, the earthquakes recorded in the Navelli town hall
during the 2009 Abruzzo earthquake reveal multiple temporary period elongations which did not correspond to an increase
of damage (see for example Ref. [9]). In other cases, a permanent period shift accompanied by damage was  observed during
Molise earthquake, 2002 [24], Emilia earthquake, 2012 [25], in the above-mentioned cases the buildings had already suffered
damage before the installation of the monitoring system. Dunand et al. [19], Ditommaso et al. [17] and Vidal et al. [26] have
quantiﬁed the permanent period elongation related to different damage states on large sets of buildings during Boumerdes,
Abruzzo and Lorca earthquakes respectively, in each case the period elongation for the red classiﬁed buildings being about
50–70%.
The monitoring of the Rotonda primary school provided the opportunity not only to study the non-stationary frequency
response (during and after earthquakes), it also provided the Regional Civil Protection of Basilicata with information regard-
ing the damage state and immediate occupancy of the building. The data was transmitted to the OGS Seismological Research
Center (Udine-Northern Italy) in real time via the school internet connection, it was  therefore possible to determine if each
earthquake had caused damage related to permanent frequency drop monitoring. Moreover, during the monitoring the
availability of co-located sensors with different characteristics allowed a comparison between the performances of elec-
tromechanical and MEMS  accelerometers. It goes without saying that cost-effective instruments would allow a signiﬁcant
diffusion of the monitoring of buildings in real-time.
2. Seismological description of swarm
Since October 2010 a seismic swarm is affecting the Pollino mountain range. The sequence is still ongoing, with more than
2200 events with ML > 1.5, of which about 700 were perceived by the population (ML > 2.0). The spatial distribution of these
events is in three clusters, the westernmost cluster was active during the three years, the middle cluster was activated in
May  2012, and the easternmost cluster was activated by a 3.4 aftershock on December 19, 2012. Rotonda is at the Northern
edge of the westernmost cluster, which is also the more active. The time occurrence of the earthquakes is also by clusters,
whose inter-distance in time decreased by half each cluster for two  years, until a ML = 5.0 event took place on October 26,
2012 (Fig. 1). The sequence has not stopped since then, it is still producing events greater than ML = 1.5 at a rate 10 time larger
than the period prior to Autumn 2010 (see Fig. 2). The Pollino sequence appears to be peculiar for duration and productivity
since when there is a good instrumental coverage of Italian seismicity, even if the swarm-like behaviour appears to be a
characteristic feature of this mountain range (see Ref. [27]).
3. Description of the building monitoring
In September 2011, we installed one ETNA-Kinemetrics accelerometer in stand-alone conﬁguration with local data storage
on the second ﬂoor of the building (see Fig. 3; geographic coordinates: Lat = 39.94938 ◦N; Lon = 16.04157◦ E). The data
was recorded at 200 samples per second (sps). The NS and EW components of the accelerometer were oriented along the
transversal and the longitudinal directions with respect to the main axes of the structure, respectively. We  collected in this
ﬁrst acquisition stage 6 foreshocks with 3.0 ≤ ML ≤ 3.6, the mainshock (ML = 5.0), and 7 aftershocks with 2.8 ≤ ML ≤ 3.3, as
reported in Table 1.
From 9 November, 2012 to 9 January, 2013 we  updated the acquisition by installing a triaxial GeoSIG accelerometer along
the vertical on each ﬂoor of the building as indicated in Fig. 3a (station G5 on the ground ﬂoor, station G4 at the ﬁrst ﬂoor, and
station G3 at the second ﬂoor that substituted the ETNA accelerometer). The GeoSIG accelerometers have been developed
during a project carried out by the Geological Survey of Canada [28] and are based on low cost, three-components and strong
motion sensors (i.e. solid state micro electro mechanical systems, MEMS). The accelerometer was  then manufactured and
distributed by GeoSIG Ltd. The new conﬁguration along the vertical with the same position at each ﬂoor was chosen to allow
for a better monitoring of the building due to the possibility of: 1) allowing us the continuous recording of data and their
transmission instead of triggering and manual retrieving; 2) performing Standard Spectral Ratio analysis from basement to
top recordings instead of Horizontal-to-Vertical Spectral Ratio from single station; 3) studying the modal shape. In this paper
we describe the improvement and the results of item 1). During this second stage, accelerometric data was continuously
recorded at 100 sps for two months until 9 January 2013. The ETNA and GeoSIG accelerometers were oriented along the
transversal and the longitudinal directions with respect to the main axes of the structure. In particular, we  only selected the
recordings of events with magnitude ML ≥ 2.5 from the continuous data of GeoSIG sensors (see Table 1). The hypocentral
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Fig. 1. The spatial distribution of Pollino seismic swarm. Only the events with ML > 2 are plotted, with the large star indicating the ML = 5 quake and smaller
star  the events with ML > 4. Data is taken from the INGV ISIDE database (http://iside.rm.ingv.it/).
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aig. 2. The equivalent activity rate of the Pollino swarm (events per day), for earthquakes with magnitude greater or equal to 1.5. The maxima coincide
ith  the largest events of the sequence and their aftershocks.
istances of the analysed foreshocks and aftershocks ranged from 6.6 km to 19.3 km,  with peak acceleration on top of the
uilding (PTA) between 0.003 and 0.07 g, whereas the hypocentre of the ML = 5.0 earthquake was at 10.6 km distance from
he building with PTA of 0.6 g.
. Inter-event main period elongationThe acceleration response spectra were evaluated for all the 6 foreshocks, the main event, and all the 7 aftershocks
ecorded by the ETNA-Kinemetrics accelerometer (Table 1). Fig. 4 shows the acceleration response spectra at 5% damping
long the transversal and the longitudinal directions. It is possible to observe that the response spectra shapes of foreshocks
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Fig. 3. (a) The building hosting the school in Rotonda indicating the vertical along which the accelerometers were installed. (b) Plan of the building
indicating the position of the accelerometers (red circle) and their orientation (arrows).Fig. 4. Acceleration response spectra evaluated for 6 foreshocks (blue), the main event (black), and 7 aftershocks (pink) along the transversal (a) and the
longitudinal (b) directions.
and aftershocks have similar behaviour with fundamental period at about 0.2 s, whereas the response spectra of the main
event has fundamental peaks at 0.3 s along the transversal direction and a broad peak at 0.3-0.4 s along the longitudinal
direction. The period elongation was observed only during the main shock, returning afterwards to 0.2 s; then we can
deduce that the building had only a transient elongation of its fundamental period, without permanent changes.
The period variation vs peak acceleration recorded on top of the building was reported using ETNA-Kinemetrics data,
shown in Fig. 5. The accelerations and the variations of period were selected on the window corresponding to 5%-95% of
Arias intensity. For peak acceleration ranging between 0.1-0.6 m/s2 there is period variation comprised within 10%, on the
contrary a period increase of approximately 50% was observed during the main shock (PTA > 1 m/s2).
5. Intra-event main period variation
It is important to study the intra-event main period variation to have a ﬁrst hint about the possible onset of the damage
of the building. This requires the use of time-frequency distribution methods to evaluate the variation of the building period
during the recordings of shocks. A method widely used in the past was  the Short-Time Fourier Transform (see e.g. Ref. [29]).
More recently, different approaches were proposed to increase the precision in the estimate of the period distribution at
any given instant in time domain, allowing for a better characterization of period variation in time. In this way it is possible
to follow temporary and permanent period variation of the principal modes of the building, to be compared with the range
of variation associated to absence of damage or the onset of non-structural/structural damage.In this study we evaluate the mainshock using two  time-frequency distribution methods recently proposed: the Smoothed
Pseudo Wigner–Ville Distribution [30] and S-transform [31]. Fig. 6 shows the Smoothed Pseudo Wigner–Ville Distribution
during the mainshock (ML = 5.0) evaluated between 3 and 6 Hz along transversal and longitudinal components, while Fig. 7
displays the S-transform of the mainshock evaluated up to 10 Hz along the same components, whose recording is visible in
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Table  1
List of recorded events with the mainshock highlighted in grey. The last column indicates the sensor used for the acquisition.
Date Origin Time 
(UTC)
Latitude 
(˚N)
Longitude (˚E) Depth (km) Mag nitude 
ML
Sensor
28/09/2012 5:56:46 39.912 16.087 3.0 3.0 ETNA
01/10/2012 21:27:51 39.903 16.010 7.9 3.3 ETNA
01/10/2012 20:28:28 39.901 16.013 8.1 3.6 ETNA
02/10/2012 0:08:57 39.906 16.019 7.4 3.3 ETNA
18/10/2012 2:51:57 39.887 16.034 7.8 3.5 ETNA
23/10/2012 10:40:24 39.906 16.021 9.2 3.0 ETNA
25/10/2012 23:16:01 39.895 16.012 8.3 3.3 ETNA
25/10/2012 23:05:24 39.881 16.009 6.3 5.0 ETNA
26/10/2012 2:25:09 39.920 16.032 6.6 2.9 ETNA
27/10/2012 2:42:20 39.932 16.025 8.5 2.8 ETNA
28/10/2012 13:52:18 39.920 15.987 8.9 2.9 ETNA
28/10/2012 3:37:46 39.925 16.007 8.8 3.1 ETNA
28/10/2012 3:09:17 39.912 16.015 9.6 2.8 ETNA
28/10/2012 0:30:44 39.932 16.004 9.4 2.9 ETNA
09/11/2012 20:27:15 39.932 16.022 8.2 2.6 GeoSIG
11/11/2012 20:31:51 39.916 15.990 9.0 2.5 GeoSIG
12/11/2012 3:03:53 39.920 15.999 10.0 2.8 GeoSIG
15/11/2012 12:16:54 39.923 16.011 9.1 2.7 GeoSIG
16/11/2012 19:40:48 39.881 16.009 7.4 2.9 GeoSIG
21/11/2012 6:43:25 39.938 16.011 5.3 2.9 GeoSIG
22/11/2012 18:42:54 39.928 15.999 9.8 2.5 GeoSIG
22/11/2012 15:32:16 39.941 16.018 9.0 2.6 GeoSIG
22/11/2012 1:59:52 39.921 16.030 9.0 3.3 GeoSIG
23/11/2012 16:24:13 39.915 16.000 10.5 2.6 GeoSIG
24/11/2012 22:24:26 39.914 16.015 8.9 2.7 GeoSIG
24/11/2012 21:05:23 39.917 16.019 8.9 2.5 GeoSIG
24/11/2012 16:25:09 39.872 15.978 8.8 2.7 GeoSIG
25/11/2012 20:41:11 39.909 16.009 8.9 3.0 GeoSIG
25/11/2012 17:48:02 39.916 16.008 9.8 3.2 GeoSIG
25/11/2012 16:23:41 39.916 16.004 9.9 2.5 GeoSIG
25/11/2012 11:26:28 39.915 16.011 9.2 2.7 GeoSIG
25/11/2012 8:53:33 39.887 16.017 10.6 2.9 GeoSIG
25/11/2012 8:42:25 39.911 16.015 6.9 2.9 GeoSIG
25/11/2012 8:36:49 39.917 16.022 8.3 2.5 GeoSIG
25/11/2012 8:30:31 39.917 16.009 9.7 2.6 GeoSIG
25/11/2012 8:28:39 39.921 16.027 7.5 3.7 GeoSIG
26/11/2012 23:44:11 39.906 16.015 9.9 2.9 GeoSIG
26/11/2012 1:27:57 39.931 16.015 7.3 2.6 GeoSIG
28/11/2012 12:37:31 39.927 16.020 5.8 3.1 GeoSIG
28/11/2012 2:43:46 39.929 16.000 8.2 3.0 GeoSIG
29/11/2012 19:43:22 39.929 16.020 6.9 2.5 GeoSIG
30/11/2012 03:03:44 39.923 16.025 5.1 3.2 GeoSIG
01/12/2012 4:43:02 39.920 16.039 6.3 2.8 GeoSIG
05/12/2012 12:25:02 39.933 16.009 8.4 2.6 GeoSIG
06/12/2012 23:27:10 39.926 16.028 8.1 2.8 GeoSIG
06/12/2012 14:23:52 39.946 16.025 8.1 2.6 GeoSIG
11/12/2012 14:28:43 39.888 16.017 10.0 3.4 GeoSIG
13/12/2012 04:44:03 39.906 16.036 7.7 3.0 GeoSIG
15/12/2012 04:20:05 39.863 16.035 5.1 2.6 GeoSIG
18/12/2012 11:05:43 39.838 16.172 9.2 2.8 GeoSIG
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318/12/2012 11:03:18 39.841 16.167 8.1 3.4 GeoSIG
29/12/2012 7:12:02 39.906 16.022 10.0 2.7 GeoSIG
09/01/2013 15:05:27 39.901 16.016 9.0 2.6 GeoSIG
he lower panel. The transient variation of period is more evident in the longitudinal component and much more deﬁned
sing the Smoothed Pseudo Wigner–Ville Distribution technique. During the main amplitude of S-waves there is a decrease
f the main frequency to 2–3 Hz (periods of about 0.3-0.5 s) along the longitudinal direction and down to 3 Hz (periods of
bout 0.3 s) along the transversal direction, however during the coda the main frequency returns to the initial values of 5 Hz
periods of 0.2 s). The results obtained shows the period elongation of about 50% in the longitudinal direction and of about
0% in the transversal one during the strong motion, but it has to be considered as purely transient, since the fundamental
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Fig. 5. Period variation vs peak acceleration using ETNA-Kinemetrics data.
Fig. 6. Smoothed Pseudo Wigner–Ville Distribution of the mainshock evaluated between 3 and 6 Hz along the transversal (a) and the longitudinal (b)
components.Fig. 7. S-transform of the mainshock evaluated up to 10 Hz along the transversal (a) and the longitudinal (b) components.
period of the building was already recovered during the coda. After 30 s, we  observe that the recovery is not complete and a
shift of frequency exists compared to the pre-event frequency (indicated by dashed line in Fig. 6). Without continuous data
available at the time of recording, it is not possible to give a full assessment of the immediate occupancy criteria based only
on this data. Anyway after the main shock, the fundamental period computed on the ﬁrst aftershock is equal to the period
obtained from foreshocks, allowing us to conclude the building is safe. But the time required to give this information is not
immediate and continuous recording is better for deriving information related to immediate occupancy to decision makers.
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Fig. 8. Comparison between acceleration response spectra evaluated for 7 aftershocks recorded by the ETNA sensor (blue curves) and 7 aftershocks recorded
by  the GeoSIG sensor (violet curves). For periods longer than about 1.0 s the GeoSIG response spectra become ﬂat along both the transversal (left) and the
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. Comparisons between GeoSIG and electromechanical accelerometers
The availability of co-located sensors with different characteristics allowed for a comparison of the GeoSIG and force-
alance accelerometers performances. The GeoSIG is a project developed by the Geological Survey of Canada [28] based on
ow cost three-components, i.e. solid state micro electro mechanical (MEMS) strong motion sensors. The accelerometer was
hen manufactured and distributed by GeoSIG Ltd. The GeoSIG sensor installed in the school had a nominal sensitivity of
.001 g. According to D’Alessandro and D’Anna [32] the MEMS  accelerometer has excellent frequency and phase response,
omparable with that of some standard force-balance accelerometers produced for strong-motion seismology in the typical
requency and amplitude range of interest of earthquake engineering (0.2–20 Hz and 10–2000 mg)  but the main drawback
s its low sensitivity, due to the high instrumental self noise, and so it can be used effectively only to record moderate and
trong earthquakes (ML >5) near the epicentral area.
We  analysed the recordings of 39 aftershocks with a magnitude of ML ≥ 2.5 (Table 1) acquired by the GeoSIG and force-
alance accelerometers. As an example, Fig. 8 shows the acceleration response spectra of the seven aftershocks recorded by
TNA accelerometers and seven aftershocks with similar magnitude, distance and PTA recorded by GeoSIG. The comparison
hows that the SNR declines at a slightly higher value, just below Sa = 0.002 g (ﬂat trend). The acceleration spectral value is
eached for a period of 1 s. Considering that the fundamental frequency of the building is ﬁve times higher and the spectral
rdinates are about hundred times higher, this could be considered satisfactory for the purpose of monitoring the studied
uilding.
. Conclusions
During the Pollino (Southern Italy) seismic swarm we installed inside the Rotonda school a monitoring system with real
ime data transmission that was set up in a short time after the mainshock, substituting a pre-existing single station, trigger
onitoring. Permanent instrumentation can then provide relevant detection of changes based on observation of period
longation. It was then possible for Civil Protection authorities to gain useful information in deciding if a building is safe for
se, requires inspections or has to be abandoned, according to the three thresholds usually adopted after earthquake crisis
or building inventory. This requires a continuous recording also since the frequency recovery may  be long, that may also
rovide false alarm situation if the interpretation of the period elongation is not complete.
The building in Rotonda provided another very important result in the discussion about the importance of temporary vs
ermanent period elongation for damage assessment. The building suffered during the mainshock a spectral acceleration at
he top ﬂoor reaching almost 2 g, which caused a period elongation of about 50% that was completely recovered at time of the
rst recorded aftershock three hours later and thus has to be considered a purely temporary variation. Since post-event, on-
ite veriﬁcation showed that the building suffered no damage, this suggests that to testify onset of damage, the presence of
 permanent variation seems to be more important than a temporary variation even if it is a large one. Finally, cost-effective
EMS  accelerometers proved to be reliable for the identiﬁcation of main dynamic parameters of buildings even when weak
round motion occurs (below 0.01 g) and for relatively stiff buildings (frequency >1 Hz). We  hope that this could open the
ay to a widespread, real-time building monitoring in the same way  that MEMS  based instruments are now used to build
xtra-dense networks to map  ground shaking in California [33] and in New Zealand [34]. A ﬁrst attempt of cost-effective
ccelerometric monitoring of strategic building for civil protection purpose will start this year in the North-Eastern region
f Italy ([35]).
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